The performance of an air standard Miller cycle is analyzed using nite-time thermodynamics. The relations between the power output and the compression ratio and between the power output and the thermal eciency are derived by detailed numerical examples. The results show that, throughout the compression ratio range, the power output decreases with increasing residual gases. The results also show that if compression ratio is less than certain value, the power output decreases with increasing equivalence ratio, while if compression ratio exceeds certain value, the power output rst increases and then starts to decrease with increasing equivalence ratio. The conclusions of this investigation are of importance when considering the designs of actual Miller engines.
Introduction
Since nite-time thermodynamics [14] is a powerful tool for the performance analysis and optimization of real internal combustion engine cycle, much work has been performed for the performance analysis and optimization of nite time processes and nite size devices [5, 6] . In 1940s, Miller [7] proposed a dierent Otto cycle with unequal compression and expansion stroke called the Miller cycle. the Miller cycle has been put attention recently [8] , and some authors have examined the nite-time thermodynamic performance of the Miller cycle. Hatamura et al. [9] report that the Miller cycle has advantages such as higher mean eective pressure than the Otto cycle with lower nominal compression ratio. Fukuzawa et al. [10] described the main technologies and performance specications for a high eciency Miller cycle gas engine as well as for the series of engines planned in the future.
Al-Sarkhi et al. [11] compared the performance characteristic curves of the Atkinson cycle with those of the Miller and JouleBrayton cycles by using numerical examples, and outlined the eect of maximizing power density on the performance of the cycle eciency.
Wu et al. [12] performed a performance analysis and optimization of a supercharged Miller cycle Otto engine. Their zero-dimensional analysis is based on Otto cycle. They report that the Miller cycle shows no eciency advantage and suers a penalty in power output in the normally aspirated version. In the supercharged Otto engine adopted for the Miller cycle, it has again no eciency advantage but does provide increased output with a reduced propensity to engine knock problem.
Ge et al. derived the performance characteristics of the Miller cycle with heat transfer loss [13] and with heat * e-mail: Rahim.Ebrahimi@gmail.com transfer and friction-like term losses [14] , respectively. These works were done without considering the variable specic heats of working uid. Ge et al. [15] also studied the eect of variable specic heats of working uid on the performance of endoreversible the Miller cycle.
Al-Sarkhi et al. [16] presented theoretical investigations into the Miller cycle engine performance, studying the inuence of the main engine design variables and system irreversibilities. Chen et al. [17] built a class of generalized irreversible universal steady ow heat engine cycle model consisting of two heating branches, two cooling branches, and two adiabatic branches with consideration of the losses of heat resistance, heat leakage, and internal irreversibility.
The performance characteristics of Diesel, Otto, Brayton, Atkinson, dual and Miller cycles were derived. Ebrahimi studied the performance of reversible Miller cycle. The normalized network output and normalized thermal eciency are obtained by introducing the compression ratio, the expansion-compression ratio and the specic heat ratio. Ebrahimi [18] also investigated the eects of the relative airfuel ratio and the stroke length on the performance of an irreversible Atkinson cycle. As can be seen in the relevant literature, the investigations of the eects of residual gases and equivalence ratio on the performance of the Miller cycle do not appear to have been published. Therefore, the objective of this study is to examine the eects of residual gases and equivalence ratio on the performance of air standard Miller cycle.
Thermodynamic analysis
The pressurevolume (P V ) and the temperature entropy (T S) diagrams of an irreversible Miller heat engine is shown in Fig. 1 , where T 1 , T 2 , T 3 , T 4 , and T 5 are the temperatures of the working substance in state points 1, 2, 3, 4, and 5. Process 1 → 2 is a reversible isentropic compression. The heat addition occurs in the constant volume process 2 → 3. Process 3 → 4 is a reversible (6) 7 adiabatic expansion. The heat rejection occurs in two steps: processes 4 → 5 and 5 → 1 are constant volume and constant pressure heat rejections, respectively. The relations between the mass ow rate of the fuel (ṁ f ) and the mass ow rate of the air (ṁ a ), betweenṁ f and the mass ow rate of the airfuel mixture (ṁ t ) are dened as [18, 19] :
where m a /m f is the airfuel ratio and the subscript s denotes stoichiometric conditions, φ is the equivalence ratio and x r is the residual fraction from the previous cycle, and can nd it as 190]:
where m r is the mass of residual gases. It should be noted here that the residual gases were assumed to consist of CO 2 , H 2 O, and N 2 .
The mass specic heat at constant volume for the working uid (C vt ) is dened as:
where C va , C vf and C vr are the mass specic heat at constant volume for air, fuel and residual gases, respectively. The mass specic heat at constant pressure for the working uid (C pt ) is dened as:
where C pa , C pf , and C pr are the mass specic heat at constant pressure for air, fuel and residual gases, respectively.
The heat added per second in the isochoric (2 → 3) heat addition process may be written asQ
where T is the absolute temperature. The heat rejected in the isobaric heat rejection process (5 → 1) may be written aṡ
where γ t is the specic heat ratio for the working uid. The total energy of the fuel per second input into the engine, of a gasoline type fuel, such as octane, can be expressed in terms of equivalence ratio factor from measured data as [5, 1820] :
where η com is the combustion eciency and Q LHV is the lower caloric value of the fuel. The range of eective φ values spans normal spark ignition combustion, i.e., from about 0.83 to about 1.33 [20] . The heat loss through the cylinder wall is given in the following linear expression [1315, 18] :
where B is constant and T 0 is the absolute temperature.
Since the total energy of the delivered fuel Q fuel is assumed to be the sum of the heat added to the working uid Q in and the heat leakage Q ht :
The expansion-compression ratio, ψ, the eective compression ratio, r * c , and the compression ratio, r c , are dened as:
and
For the process 1 → 2, one nds that
The entropy change ∆S 3→2 between states 2 and 3, is equal to the entropy ∆S 4→1 change between states 4 and 1. Thus [16] 
Processes 2 → 3 and 4 → 5 occur at constant volume and 5 → 1 is a constant-pressure process. By substituting the specic heat from Eqs. (4) and (5) and integrating from the initial to the nal state of the process, then
Taking into account the friction loss of the piston and assuming a dissipation term represented by a friction force that is a linear function of the piston velocity gives [5, 13] :
where µ is the coecient of friction, which takes into account the global losses, S p is the piston's velocity and x is the piston's displacement. Therefore, the lost power due to friction is
Running at N revolutions per second, the mean velocity of the piston is [13, 19] :
where L is the total distance the piston travels per cycle and L * is the length of the isentropic process 1 → 2. The power output of the Miller cycle engine is expressed by
The eciency of the cycle is
When r * c and T 1 are given, T 2 can be obtained from Eq. (14) . T 3 can be deduced by substituting Eq. (6) into Eq. (10). T 5 can be found from Eq. (11), and T 4 can be obtained from Eq. (17) . Substituting T 1 , T 2 , T 3 , T 4 , and T 5 into Eqs. (21) and (22), respectively, the power output and the thermal eciency of the Miller cycle engine can be obtained. Therefore, the relations between the power output, the thermal eciency and the compression ratio can be derived.
Results and discussion
The eects of equivalence ratio and mean piston speed on the performance of the dual cycle with Q LHV = 44000 kJ kg −1 , ψ = 1.25, L * = 10 cm, N = 4500 rpm, C vf = 1.638 kJ kg [5, 11, 16, 21, 22] are shown in Figs. 26. Using the above constants and range of parameters, the power output versus compression ratio characteristic and the power output versus thermal eciency characteristic can be plotted. The variations in the temperatures T 2 , T 3 , T 4 , and T 5 with the compression ratio are shown in Fig. 2 . It is found that T 3 and T 4 decrease with increasing compression ratio, T 2 increases with increasing compression ratio and T 5 is constant with increasing compression ratio. In Fig. 2 , there is one special state (T 5 ≥ T 4 ). In this special state, the cycle cannot operate normally.
As it can be clearly seen from Eqs. (21) and (22), the power output and the thermal eciency of the Miller cycle are dependent on the residual gases and the equivalence ratio. In order to illustrate the eects of these parameter, the relations between the power output and the compression ratio, between the power output and the thermal eciency of the cycle are presented in Figs. 36. It is found from these gures that the residual gases and the equivalence ratio play important roles on the performance cycle. They show that the maximum power output point and the maximum eciency point are very adjacent. It is clearly seen from these gures that the effects of residual gases and equivalence ratio on the power output is related to compression ratio. They reect the performance characteristics of a real irreversible Miller cycle engine. The power output versus compression ratio characteristic is approximately parabolic like curve. In other words, the power output increases with the in Fig. 6 . Eect of equivalence ratio on the variation of the power output with thermal eciency (xr = 20%).
creasing compression ratio, attains its maximum value and then decreases with further increases in compression ratio. It should be noted that the heat added and the heat rejected by the working uid decrease as the compression ratio increases. It can be seen that the curves of power output versus thermal eciency are loop shaped as is common to almost all real heat engines [2, 23] . Figure 3 shows clearly that, throughout the compression ratio range, the power output decreases when the residual gases increased. This is due to the increase of the heat added by the working uid being more than the increase of the heat rejected by the working uid. In other words, the dierence between heat added and heat rejected increases with increasing the cylinder wall temperature. This result is consistent with the experimental results in the internal combustion engine [19, 24, 25] . It can be seen from Figs. 3 and 4 that the maximum power output, the working range of the cycle, the compression ratio at the maximum power output, the eciency at the maximum power output point and the power output at the maximum eciency point decrease, when residual gases increase.
Referring to Fig. 5 , it can be concluded that if compression ratio is less than certain value, the power output decreases with the increasing equivalence ratio. This can be attributed to the fact that the dierence between heat added and heat rejected decrease with the increasing equivalence ratio. But if compression ratio exceeds certain value, the power output rst increases and then starts to decrease with the increasing equivalence ratio. This can be attributed to the fact that the dierence between heat added and heat rejected rst increases and then starts to decrease with the increasing equivalence ratio. It can also be concluded that, for example, the power output at compression ratio of 9.6 rst increases and then decreases as the equivalence ratio is increased. This result is consistent with the experimental results in the internal combustion engine [24, 25] . Figures 5 and 6 show that the optimal compression ratio corresponding to maximum power output point, the working range of the cycle, the thermal eciency at the maximum power output point, the maximum power output, and the power output at the maximum eciency point increase and then decrease as the equivalence ratio increases. Numerical calculation shows that for any same compression ratio, the smallest power output is for φ = 1.3 when r c < 20.2 and is for φ = 0.85 when r c ≥ 20.2 and also the largest power output is for φ = 0.85 when r c ≤ 2.9, is for φ = 1 when 2.9 < r c ≤ 30.8 and is for φ = 1.1 when r c > 30.8.
According to above analysis, it can be found that the eects of the residual gases and the equivalence ratio on the cycle performance are obvious, and they should be considered in practice cycle analysis in order to make the cycle model be more close to practice. 4. Conclusion In this paper, an irreversible air standard Miller cycle model which is closer to practice is established. The relations between power output, thermal eciency, compression ratio, residual gases and equivalence ratio are derived. The maximum power output and the corresponding eciency and the maximum eciency and the corresponding power output are also calculated. The detailed eect analyses are shown by numerical examples. The analysis helps us to understand the strong eects of residual gases and equivalence ratio on the performance of the Miller cycle. The general conclusions drawn from the results of this work are as follows:
• Throughout the compression ratio range, the power output increases with increasing residual gases.
• The maximum power output, the working range of the cycle, the compression ratio at the maximum power output, the eciency at the maximum power output point, and the power output at the maximum eciency point decrease, when cylinder wall temperature increases.
• If compression ratio is less than certain value, the power output decreases with increasing equivalence ratio, while if compression ratio exceeds certain value, the power output rst increases and then starts to decrease with increasing equivalence ratio.
• The optimal compression ratio corresponding to maximum power output point, the working range of the cycle, the thermal eciency at the maximum power output point, the maximum power output, and the power output at the maximum eciency point increase and then decrease as the equivalence ratio increases.
This paper provides an additional criterion for use in the evaluation of the performance and the suitability of a Miller engine.
